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Stohasti perturbation of two-level atoms strongly driven by a oherent light eld is analyzed
by the quantum trajetory method. A new method is developed for alulating the resonane
uoresene spetra from numerial simulations. It is shown that in the ase of dominant inoherent
perturbation, the stohasti noise an unexpetedly reate phase orrelation between the neighboring
atomi dressed states. This phase orrelation is responsible for quantum interferene between the
related transitions resulting in anomalous modiations of the resonane uoresene spetra.
PACS numbers: 42.50.L, 42.50.Gy
I. INTRODUCTION
Quantum interferene is one of the most intriguing phe-
nomena of quantum mehanis. Over the past deade
several eets in atom-light interation whih have their
origin in quantum interferene have been predited and
demonstrated experimentally [1℄. Some harateristi
examples are redution and anellation of absorption
[2, 3, 4, 5, 6℄ and spontaneous emission [7, 8, 9, 10℄, and
narrow resonanes in uoresene [11, 12℄. A prerequisite
of quantum interferene between the transition hannels
is the existene of some stable time orrelation of the
atomi system under onsideration. A possible way of
ahieving suh orrelation is the appliation of oherent
oupling in a multi-level atomi system. Although some
interferene eets have also been found in two-level sys-
tems interating with two light beams [13℄, so far quan-
tum interferene has been observed exlusively in at least
three-level systems.
Generally, various inoherent perturbations destroy
the phase orrelation between the states involved in the
interfering transition pathways and the oherently in-
dued quantum interferene disappears. However, under
speial irumstanes, even inoherent perturbation an
be responsible for quantum interferene. For example,
quantum interferene an appear in three-level systems
due to ollisions. Suh eets are known as pressure-
indued extra resonanes and have been studied in four-
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wave mixing[14, 15℄.
Reently, in an experiment with oherently driven two-
level atoms, anomalous resonane uoresene spetra
were found when the ollisional relaxation rate exeeded
the Rabi frequeny [16℄. The spetra were of the form
of a pressure-broadened line with a narrow, not olli-
sionally broadened dip. These results, unexpeted in a
ollisionally perturbed two-level system, were interpreted
as a onsequene of quantum interferene between dier-
ent dressed-state transition hannels. In Ref.[16℄, it was
pointed out that these eets an also our in the ase
of a non-monohromati, e.g. phase-diusing, laser eld.
Indeed, resonane uoresene spetra with the phase-
diusing laser eld have been alulated by Peng Zhou
et al. [17℄ who obtained the same results as Gawlik et
al. [16℄. What in both ases appears essential for obser-
vation of quantum interferene and anomalous spetra
is that the inoherent perturbation (ollisions or phase
diusion of the light eld) dominates over the Rabi os-
illations.
These two examples raise an intriguing question how
an a stohasti noise lead to stable time orrelation re-
sulting in quantum interferene in two-level systems.
Quantum trajetory methods are widely used powerful
tools for treating the stohasti evolution of open quan-
tum systems [18, 19, 20, 21, 22, 23℄. They an provide
the solution of any master equation that is of Lindblad
form [24, 25, 26, 27℄. Moreover, individual quantum tra-
jetories, as state evolutions onditioned on partiular
sequene of observed events, make it possible to reveal
phase orrelations in the given system.
While resonane uoresene spetra an be ade-
quately modeled by the master equation, we nd the use
2of quantum trajetories provides more physial insight.
Besides, this method allows to study the stohasti evo-
lution of the atomi system and, eventually, reveal the
phase orrelation of its dressed states. For that reason,
in this paper we analyze in detail the system of stohasti-
ally perturbed two-level atoms applying both the master
equation and the quantum trajetory method to explain
quantum interferene eets and the underlying physial
proesses.
The paper is organized as follows: In Setion II we in-
trodue our model for the system of a oherently driven
and inoherently perturbed two-level atom. In Setion
III the method of quantum trajetories is applied to the
system and a new method is developed for alulating
the spetrum from the simulation results. Setion IV
presents the numerial results for the spetra and om-
pares them with the analytial solution of the master
equation. In Setion V the phase dierene between the
dressed states of an atom is analyzed and the phase orre-
lation is revealed. It is shown that the phase orrelation
emerges as the noise magnitude inreases and the related
quantum interferene eet is disussed.
II. THE MODEL
The system of inoherently perturbed and oherently
driven two-level atoms an be modeled in several ways.
Here we make a rather general assumption that the
stohasti perturbation is responsible for utuations of
the atomi resonane frequeny whih obeys the Gaus-
sian statistis. In partiular, suh utuations may result
from e.g. elasti, dephasing ollisions.
In our model the Hamiltonian of the strongly, oher-
ently driven atom subjeted to stohasti perturbation
has the form
HAL = ~(ωa(t)− ωL)Sz + 1
2
~Ω(S− + S+) (1)
in the interation piture, where ωa(t) = ωa + δωa(t)
is the utuating atomi transition frequeny, ωL is the
frequeny of the laser, Ω the Rabi frequeny, and Sz, S+,
S− are the atomi operators dened in the exited state
(|e〉)  ground state (|g〉) basis:
Sz =
1
2
(
1 0
0 −1
)
, S+ =
(
0 1
0 0
)
, S− =
(
0 0
1 0
)
.
(2)
We assume that the noise in the transition frequeny sat-
ises
〈δωa(t)δωa(t′)〉 = 2Γδ(t− t′), (3)
where Γ stands for the magnitude of the stohasti noise.
If the noise is due to ollisions, this quantity is the ol-
lision rate between the atoms. This model an also de-
sribe the system of two level atoms driven by a laser eld
with utuating phase, if the phase drift is negleted [17℄.
In suh ase, Γ represents the laser linewidth.
The time-evolution of the system dened by the Hamil-
tonian in Eq. (1) is desribed by the following master
equation, taking into aount also the spontaneous emis-
sion proesses:
ρ˙ =
1
i~
[〈HAL〉, ρ] + Lρ, (4)
where
Lρ = (Lρ)sp + (Lρ)st, (5a)
(Lρ)sp = γ(−1
2
(S+S−ρ+ ρS+S−) + S−ρS+), (5b)
(Lρ)st = 4Γ(−1
2
(SzSzρ+ ρSzSz) + SzρSz), (5)
and 〈HAL〉 is the mean atomi Hamiltonian obtained by
averaging over the stohasti noise of Eq. (3), and γ is
the natural linewidth of the atom.
It is natural to introdue the dressed-state basis in
whih the atomi Hamiltonian HAL is diagonal:
|1〉 = cosΘ|g〉+ sinΘ|e〉, (6a)
|2〉 = − sinΘ|g〉+ cosΘ|e〉, (6b)
where
Θ = −1
2
arctan
(
Ω
∆
)
,
and ∆ = ωa − ωL is the laser detuning.
The mean atomi Hamiltonian 〈HAL〉 in the dressed-
state basis |1〉, |2〉 an be written as
〈HAL〉 = E1|1〉〈1|+ E2|2〉〈2|, (7)
where
E1,2 = ∓1
2
~
√
Ω2 +∆2.
The eet of inoherent perturbation on the pure states
an be determined from the Lindblad form (5) of the
master equation in Eq. (4). The ation of the oper-
ator 2
√
ΓSz orresponds to an event generated by the
stohasti noise. Without detuning, this operator gener-
ates transitions between the dressed states |1〉 and |2〉:
2
√
ΓSz|1〉 =
√
Γ|2〉, (8a)
2
√
ΓSz|2〉 =
√
Γ|1〉. (8b)
Another way of observing the eet of the stohasti
noise is to transform the time-dependent Hamiltonian in
the Langevin equation into the dressed-state basis. This
must be done arefully sine parameter Θ in the deni-
tion of the dressed states beomes time-dependent in this
ase:
|1, t〉 ≈ |1〉 − 1
2
Ω
∆2 +Ω2
δωa(t)|2〉, (9a)
|2, t〉 ≈ |2〉+ 1
2
Ω
∆2 +Ω2
δωa(t)|1〉 (9b)
3to the rst order in δωa(t). Hamiltonian HAL is diagonal
in the time-dependent dressed-state basis, thus
HAL = E1|1, t〉〈1, t|+ E2|2, t〉〈2, t| ≈ (10)
≈ E1|1〉〈1|+ E2|2〉〈2|+
+δωa(t)
1
2
E1Ω
∆2 +Ω2
(−|1〉〈2| − |2〉〈1|) +
+δωa(t)
1
2
E2Ω
∆2 +Ω2
(|1〉〈2|+ |2〉〈1|) =
= 〈HAL〉 − ~δωa(t) Ω√
Ω2 +∆2
(|1〉〈2|+ |2〉〈1|).
This also shows that the stohasti noise generates tran-
sitions between the dressed states |1〉 and |2〉.
The master equation has the following form in the
dressed-state basis:
d
dt
ρz = −
(
2
Γ′Ω2
Ω2 +∆2
+ γ
)
ρz +
+2
Γ′∆Ω
Ω2 +∆2
(ρ21 + ρ12) + γ
∆√
Ω2 +∆2
, (11a)
d
dt
ρ12 =
Γ′Ω∆
Ω2 +∆2
ρz +
1
2
γΩ√
Ω2 +∆2
−
−
(
2Γ′
∆2
Ω2 +∆2
+ i
√
Ω2 +∆2 + γ
)
ρ12 −
−Γ′ Ω
2
Ω2 +∆2
(ρ12 − ρ21), (11b)
where ρz = ρ11 − ρ22, Γ′ = Γ − γ/4, and ρ11, ρ12, ρ21,
ρ22 are the matrix elements of the density operator in
the dressed-state basis. The matrix element ρ21 is the
omplex onjugate of ρ12, as ρ is Hermitian. For reso-
nant exitation (∆ = 0) the stohasti noise ouples the
|1〉 and |2〉 states and inreases the relaxation rate of the
spin z omponent. In this ase the dressed states beome
independent of the Rabi frequeny, and Eq. (11a) is un-
oupled from Eq. (11b). This is however not the ase in
the general, non-resonant ase.
III. NUMERICAL SIMULATION
In the system of oherently driven stohastially per-
turbed two-level atoms, quantum interferene eets an
be seen in the resonane uoresene spetra [16, 17℄.
The resonane uoresene an be desribed by transi-
tions between appropriate dressed states of the atom. If
spetral modiations are due to quantum interferene,
some time orrelation should exist between the dressed
states of the atom involved in the interfering transition
hannels.
For analyzing time orrelations in a quantum system,
quantum trajetory methods are partiularly appropri-
ate. These methods are based on the simulation of quan-
tum trajetories, that are individual realizations of the
evolution of the system onditioned on partiular se-
quene of observed events. By traking the time evolu-
tion of a single quantum trajetory, the time orrelations
an be revealed.
We apply the quantum trajetory method of Ref. [18℄
for simulating the time evolution of the oherently driven,
stohastially perturbed two-level atom. In this system,
a single quantum trajetory evolves oherently aording
to the Hamiltonian of Eq. (7), interrupted by inoherent
gedanken measurements due to noise events and sponta-
neous emission. The evolution of the density operator of
the system is obtained by averaging the density opera-
tors of the individual quantum trajetories. The resulting
density operator is the solution of the master equation of
Eq. (4).
The auray of the simulation is limited by two fa-
tors: the length ∆t of the time step and the number N of
the simulated quantum trajetories. ∆t should be muh
less than the harateristi time of any proess in the
system. N should be large enough to obtain the right
ensemble averages for the density operator at the given
stohasti noise magnitude. In our simulations N was
approximately 5 · 105.
Within dipole approximation the resonane uores-
ene spetrum S(ω) an be alulated as the real part
of the two-time orrelation funtion
ΓN1 (ω) = lim
t→∞
∫ ∞
0
exp(−iωτ)〈S+(t+ τ)S−(t)〉 dτ,
(12)
for an arbitrary initial ondition:
S(ω) = ReΓN1 (ω), (13)
where ω is the detuning of the emitted light from ωL.
There are dierent methods in the literature for obtaining
the spetrum using a numerial simulation [18, 25, 26℄.
One kind of them simulates not only the atom but also
the quantized eletromagneti eld [25℄. Suh methods
seem to be exessive when the eld an be treated las-
sially.
The method presented by Dalibard et al. [18℄ simulates
only the atom, and obtains the spetrum by alulat-
ing two-time averages and taking their Fourier-transform.
The omputation time of this method inreases as 1/∆t2,
where ∆t is the time step of the simulation, beause for
eah time step an additional simulation is started to al-
ulate the two-time averages. That an be time onsum-
ing in the ase when large number of quantum trajeto-
ries are simulated and small time steps are used. This is
the situation in our problem when we simulate the system
in the high noise magnitude regime.
The question arises whether it is possible to develop a
method whih simulates only the atom, without the need
of starting extra simulations for alulating the two-time
averages. Below, we briey outline the essentials of our
novel method for spetrum alulation. More details will
be published elsewhere.
4Let us onsider a general two level atom-eld system.
Let ρ(t) be the density operator of the whole system, A
an operator in the Shrödinger piture ating only on
the atom, and U(t) the unitary time-evolution operator.
Then
Tr(Aρ(t)) = Tr(AU(t)ρ(0)U †(t)) =
= Tr(U †(t)AU(t)ρ(0)) = Tr(A(t)ρ(0)),
where A(t) is the operator A in the Heisenberg piture.
One an dene a time-dependent A′(t) operator for whih
Tr(Aρ(t)) = TrA(AρA(t)) = TrA(A
′(t)ρA(0)), (14)
where ρA(t) = TrLρ(t) is the redued density operator
of the atom. A′(t) depends also on the laser eld. Let
Ri(0) be a set of redued density operators of the atom
that form a C-linear basis in the set of the operators
ating on the atom. In the ase of a two-level atom the
basis onsists of four elements. These basis elements may
evolve also, their value at time t is denoted by Ri(t).
Using this basis, any operator X whih ats on the atom
an be written in the form
X =
∑
i
xiRi(0). (15)
The oeients an be expressed as
xi =
∑
j
(T−1)ijTr(XRj(0)), (16)
where Tij = Tr(Ri(0)Rj(0)). Matrix T is invertable sine
the operators Ri(0) form a basis and they are linearly in-
dependent. Using Eqs. (14), (15) and (16) the following
form an be derived for the A′(t) operator:
A′(t) =
∑
ik
(T−1)jkTr(Rk(t)Ri(0))λi(0)Rj(0) (17)
where λi(0) is expressed by the atomi operator A using
Eq. (16) as
λi(0) = (T
−1)ijTr(ARj(0)).
Equation (14) holds for all density operators ρ(0) with
A′(t) of Eq. (17):
Tr(A(t)ρ(0)) = TrA(A
′(t)ρA(0)). (18)
Having an operator B(t) in the Heisenberg piture suh
that B(0) ats only on the atom, B(0)ρ(0) an be ex-
pressed as a C-linear ombination of density operators.
The linearity of the trae in Eq. (18) yields
Tr (A(t)B(0)ρ(0)) = Tr (A′(t)B(0)ρA(0)) . (19)
For alulating two-time orrelation funtions of the form
TrA(t)B(t′)ρ(0), the above equation an be modied by
using the yli property of the trae:
TrA(t)B(t′)ρ(0) = TrA(t)U(−t′)B(0)U(t′)U(−t′) ·
·ρ(t′)U(t′) = TrU(t′)A(t)U(−t′)B(0)ρ(t′) =
= TrA(t− t′)B(0)ρ(t′) =
= TrAA
′(t− t′)B(0)ρA(t′), (20)
where ρA(t
′) is the redued density operator in the
Shrödinger piture at time t′.
Let us apply the general expressions presented above
to the atomi operators S+ and S−. Calulating the
orrelation funtion, the quantity TrS+(t+ τ)S−(t)ρ(0)
should be determined from the simulation. Using
Eq. (20),
lim
t→∞
TrS+(t+ τ)S−(t)ρ(0) = lim
t→∞
TrS+(τ) ·
·S−(0)ρ(t) = TrA S+′(τ)S−(0)ρA(∞). (21)
In order to obtain operator S+
′
(τ) from the simulation
one needs to hoose a basis onsisting of density opera-
tors, aording to Eq. (15) and start independent simu-
lations using the elements of this basis as initial states.
In our simulation we hoose the density operators that
in the dressed-state basis |1〉, |2〉 are:
R1(0) =
[
1 0
0 0
]
, R3(0) =
1
2
[
1 −i
i 1
]
,
R2(0) =
1
2
[
1 1
1 1
]
, R4(0) =
1
2
[
1 −1
−1 1
]
. (22)
For all time steps of the simulation we alulate the
S+
′
(τ) operator using Eq. (17) and reord it for later
use. After the simulation has been ompleted, i.e. the
time t has reahed its nal value T , the orrelation fun-
tion dened by Eq. (12) is alulated numerially by
evaluating the expression
ΓN1 (ω) =
T∑
τ=0
exp(−iωτ)TrS+′(τ)S−(0)ρ(T )∆t, (23)
where the summation is done over all time steps between
0 and T and ρ(T ) is the average of all four Ri(T ) density
operators.
The advantage of this method is that there is no need
to start a new simulation in eah time step, and it is suf-
ient to simulate only the atomi system for obtaining
the spetra.
IV. THE FLUORESCENCE SPECTRUM
In order to hek our numerial results, we ompare
them with the spetra alulated analytially. After de-
termining the time evolution of the averages of the Blok
vetor omponents 〈Sz(t)〉, 〈S+(t)〉, 〈S−(t)〉, the quan-
tum regression theorem is used for expressing the two-
time average 〈S+(t + τ)S−(t)〉 in Eq. (12) as a funtion
of one-time averages [28℄. The Bloh equations are the
following:
˙〈Sz(t)〉 = −γ〈Sz(t)〉 + 1
2
iΩ(〈S−(t)〉 − 〈S+(t)〉) − 1
2
γ,
˙〈S+(t)〉 = −iΩ〈Sz(t)〉 + ( i∆− 2Γ− 1
2
γ)〈S+(t)〉,
˙〈S−(t)〉 = iΩ〈Sz(t)〉 + (−i∆− 2Γ− 1
2
γ)〈S−(t)〉.
After some alulation we obtain
5ΓN1 (ω) =
iΩ(iω − i∆+ 2Γ + 1
2
γ)
(− 1
2
K3 −K1K3
)
(iω + γ)
(
(iω + 2Γ + 1
2
γ)2 +∆2
)
+Ω2(iω + 2Γ + 1
2
γ)
+ (24)
(
1
2
Ω2 + (iω + γ)(iω − i∆+ 2Γ+ 1
2
γ)
) (
1
2
+K1 −K2K3
)
+ 1
2
Ω2 (−K3K3)
(iω + γ)
(
(iω + 2Γ + 1
2
γ)2 +∆2
)
+Ω2(iω + 2Γ + 1
2
γ)
,
where
K1 =
1
2
γ
(
(2Γ + 1
2
γ)2 +∆2
)
γ
(
(2Γ + 1
2
γ)2 +∆2
)
+Ω2(2Γ + 1
2
γ)
, (25a)
K2 =
1
2
γiΩ
(
i∆− 2Γ− 1
2
γ
)
γ
(
(2Γ + 1
2
γ)2 +∆2
)
+Ω2(2Γ + 1
2
γ)
, (25b)
K3 =
1
2
γiΩ
(
i∆+ 2Γ + 1
2
γ
)
γ
(
(2Γ + 1
2
γ)2 +∆2
)
+Ω2(2Γ + 1
2
γ)
. (25)
For the speial ase of no detuning (∆ = 0) the orrelation funtion has the form
ΓN1 (ω) =
1(
ω − 2i(Γ + 1
4
γ)
)
(iα2(2ω2 − 4iωΓ′′ − α2))
[
(4Γ + γ)
(
(α2 + γ2)Ω2 − 2Ω4 − α4)− 2Ω6 (26)
+ω2(2α4 − 2Ω2(α2 + γ2)) + iω ((3γ + 4Γ′′)Ω2α2 − 4Γ′′α4 − 2γ(2Ω2 − γ2)Ω2)
]
,
where
α2 = γ2 + 4Γγ +Ω2, Γ′′ = Γ′ + γ, Γ′ = Γ− 1
4
γ.
(27)
The orrelation funtion of Eq. (26) an be split into
the sum of three funtions:
ΓN1 (ω) =
A+
ω − s+ +
A−
ω − s− +
A0
ω − s0 , (28)
where
s± = iΓ
′′ ± i
√
Γ′2 − Ω2, (29a)
s0 = 2iΓ
′ + iγ, (29b)
A± = iΩ
2
1
2
α2 + 3Γ′γ
2iα2(s+ − s−)(is− + γ) −
−iΩ2−4γ
2Γ′′(Γ + 1
4
γ)± iγα2(s+ − s−)
2i(s+ − s−)α4(is− + γ) ,
A0 = −iΩ
2 + (4Γ + γ)γ
2α2
.
If Γ′ < Ω, the spetrum has the form
S(ω) =
A0s0
ω2 + |s0|2 +
ReA+ω − Re(A+s∗+)
(ω +
√
Ω2 − Γ′2) + Γ′′2
+
+
ReA−ω − Re(A−s∗−)
(ω −
√
Ω2 − Γ′2) + Γ′′2
, (30)
showing that the enters of the two latter Lorentzians are
displaed by ±
√
Ω2 − Γ′2 relative to the laser frequeny.
Together with the rst Lorentzian at the laser frequeny
they form the Mollow triplet [29℄.
In the other ase when Γ′ > Ω, all the Lorentzians
are entered at zero frequeny, orresponding to ωL in
the Shrödinger piture, but one of them has a negative
oeient, resulting in a dip in the spetrum.
For the Γ′ > Ω ase, one obtains the following expres-
sion for the spetrum:
S(ω) =
A+s+
ω2 + |s+|2 +
A−s−
ω2 + |s−|2 +
A0s0
ω2 + |s0|2 , (31)
where A+s+ and A0s0 are always positive and A−s− is
negative.
In the following we show our numerial results together
with the analytial spetra. Fig. 1 presents the reso-
nane uoresene spetrum of the atom irradiated by
a resonant (∆ = 0), strong (Ω ≫ γ) laser eld with low
noise (Ω > Γ). The spetrum exhibits a three-peak stru-
ture, but with a suppressed and broadened entral peak
ompared to the standard Mollow triplet. As the noise
inreases, the entral peak disappears and for Γ nearly
equal to Ω we get a two-peak struture with a relatively
broad dip, as depited in Fig. 2. When the noise mag-
nitude is muh larger than the Rabi frequeny, the dip
beomes very narrow, as shown in Fig. 3. The width of
the dip is proportional to the value of the parameter |s−|
of Eq. (29a), whih approahes the natural linewidth γ
when Γ′ ≫ Ω, as shown in Fig. 4. For large detuning
6(∆≫ Ω) and low noise (Γ≪ Ω), a two-peak spetrum is
obtained with an asymmetri Fano-like struture at the
enter, as depited in Fig. 5. Inreasing the noise mag-
nitude the Fano-like peak transforms to an asymmetri
Fano prole, a narrow dip on the side of the broadened
part of the spetrum due to stohasti noise, and a nar-
row peak on the other side next to the dip (Fig. 6).
The analytial and numerial results are in very good
agreement as one an see in the presented gures whih
positively veries orretness of our numerial simula-
tions.
V. PHASE CORRELATION AND QUANTUM
INTERFERENCE
The narrow dip in the spetrum (in the ase of high
noise magnitude, resonant exitation) and the asymmet-
ri Fano prole (in the ase of large detuning and high
noise magnitude) are signatures of quantum interferene
in the stohastially perturbed system. The quantum
interferene emerges if long-time phase orrelation exists
between quantum states onneted by dierent transition
hannels. As seen in setion II, the stohasti noise gen-
erates transitions between the dressed states. It would be
interesting to hek whether this oupling has any eet
on phase orrelation between them.
The phase dierene ∆φ between the dressed states is
dened as follows:
|Φ〉 = a1eiφ1 |1〉+ a2eiφ2 |2〉, ∆φ = φ2 − φ1, (32)
where |Φ〉 is a pure state of the atom, while |1〉 and
|2〉 are the dressed states dened in Eqs. (6a) and (6b).
The phase dierene an be alulated straightforwardly
from a single quantum trajetory. It is found that the
phase dierene behaves dierently in the low and high
noise magnitude regimes. In Fig. 7a the noise magni-
tude is muh less than the Rabi frequeny, Rabi osil-
lations are rarely disrupted by noise events, hene the
phase dierene is essentially linearly dependent on time:
∆φ(t) = 2Ωt. Consequently, the shape of the phase dif-
ferene as the funtion of time shows no struture. When
the noise magnitude inreases, as depited in Fig. 7b, the
uniform shape hanges to a piture showing some stru-
ture of gaps appearing from time to time between 0 and pi
values of the phase dierene. For high noise magnitude
(Fig. 7), the phase dierene tends to stabilize around
values 0 and pi for some time intervals.
In order to haraterize the observed phenomena quan-
titatively, we introdue the orrelation funtion of cos∆φ
by the denition
Ccos(τ) = c
∫ T
t=0
(cos∆φ(t+ τ) − cos∆φ)
×(cos∆φ(t) − cos∆φ) dt, (33)
where cos∆φ is the mean value of the osine of the phase
dierene for the simulated time interval and c is a nor-
malization onstant xed by the ondition Ccos(0) = 1.
The orrelation funtion of sin∆φ(t) is dened similarly.
The Ccos(τ) funtion is shown in Fig. 8 for the same
parameter values as those used in Figs. 7a-. The quali-
tative piture of emerging orrelations as the noise mag-
nitude inreases is now baked up by the widening of the
orrelation funtions. On the other hand, the orrela-
tion of the sine of the phase dierene, Csin(τ) (dened
similarly as Ccos(τ)) tends towards a δ-like shape when
the noise inreases (Fig. 9), so when Γ strongly exeeds
Ω, sin∆φ(t) remains unorrelated. This means that the
phase dierene is loked to values 0 and pi for some time
intervals, though it spans a phase interval no less than
pi
2
around these phase values.
It is interesting that the widths of the orrelation fun-
tions are related with the observed narrow dips in the
spetra. The full width at half of the maximum value
(FWHM) is a good measure of the widths of Ccos(τ),
and |s−| as dened in Eq. (29a) desribes well the spe-
tral dip width. These two quantities are presented in Fig.
10. The FWHM of Ccos(τ) is roughly proportional to the
reiproal of the width of the dip in the spetrum aross a
wide range of parameter sets, so the observed phase or-
relation is indeed responsible for the narrowness of the
dip in the spetrum.
The stabilization of the phase dierene between the
dressed states of the stohastially perturbed and o-
herently driven two-level atom is the underlying physi-
al proess whih makes the quantum interferene pos-
sible. This stabilization supports the following inter-
pretation rst suggested for ollisional and phase noise-
indued quantum interferene eets in resonane uo-
resene spetrum in Ref. [16℄. Resonane uoresene
of a strongly-driven two-level atom is emitted in as-
ade transitions downward the ladder of the dressed-state
doublets. Fig. 11 shows two adjaent doublets and all
possible spontaneous and noise-indued transitions be-
tween the dressed-atom states. Aording to Eqs. (8)
and (10), noise events generate transitions between the
dressed states |1〉 and |2〉 and ouple them as indiated by
double arrows in Fig. 11. As we have seen in the previous
setion, in the noise-dominated regime, i.e. when Γ > Ω,
the phase dierene between dressed doublets tends to
stabilize for some time intervals due to frequent noise
events. Moreover, aording to Eq. (31), the resonane
frequenies of all uoresene ontributions are the same
in this regime. Among several possible emission hannels
there are two pairs: |1, n〉 → |2, n − 1〉 → |1, n− 1〉 and
|1, n〉 → |2, n〉 → |1, n− 1〉 (or |2, n〉 → |1, n〉 → |2, n− 1〉
and |2, n〉 → |1, n−1〉 → |2, n−1〉) that dier exlusively
by time ordering between ollisional mixing and photon
emissions. Photons emitted along these hannels are in-
distinguishable, so their interferene is possible. Due to
opposite signs of the relevant matrix elements this inter-
ferene is destrutive and reates a dip in the line enter.
On the other hand, other emission hannels are not that
equivalent, hene the orresponding photons annot in-
terfere and ontribute to non-zero intensity at ω = 0.
7This interferene is similar to that seen by Shrama et
al. [30℄ in photon orrelations of the well resolved Mol-
low triplet omponents in the opposite limit when Γ < Ω.
VI. CONCLUSION
We have applied the quantum trajetory method to
the system of two-level atoms strongly driven by a o-
herent light eld and perturbed by stohasti noise. We
have developed a new method for obtaining the reso-
nane uoresene spetra from numerial simulations.
This method is espeially advantageous for physial sys-
tems where the noise dominates the dynamis, and one
needs to simulate many quantum trajetories using small
time steps. The simulation of a single quantum traje-
tory revealed that for high noise magnitude the phase
dierene between the dressed states tends to stabilize
around xed values. When alulating the resonane u-
oresene spetra, narrow resonanes as entral dip and
dispersive Fano-like prole ourred in the regime where
the noise dominated the Rabi osillations. These modi-
ations of the resonane uoresene spetra are asso-
iated with the stabilization of the dressed-state phases
and stohastially-indued quantum interferene between
various emission hannels.
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FIG. 1: The resonane uoresene spetrum for low noise
magnitude and strong laser eld (Γ/Ω = 0.2, γ/Ω = 0.05) in
the ase of no detuning (∆ = 0).
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FIG. 2: The resonane uoresene spetrum for noise mag-
nitude omparable to Rabi frequeny and strong laser eld
(Γ/Ω = 1.1, γ/Ω = 0.05) in the ase of no detuning (∆ = 0).
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FIG. 3: The resonane uoresene spetrum for high noise
magnitude and strong laser eld (Γ/Ω = 6, γ/Ω = 0.05) in
the ase of no detuning (∆ = 0), showing a narrow dip at the
enter of the spetrum.
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FIG. 4: The width of the dip in the ase of no detuning, i.e.
the value of |s−| shown for γ/Ω = 0.05. When Γ inreases,
the width of the dip approahes the natural linewidth γ.
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FIG. 5: The resonane uoresene spetrum for low noise
magnitude, strong laser eld and large detuning (Γ/Ω = 0.2,
γ/Ω = 0.05, ∆/Ω = 3), showing a Fano-like struture at the
driving frequeny.
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FIG. 6: The resonane uoresene spetrum for high noise
magnitude, strong laser eld and large detuning (Γ/Ω = 3,
γ/Ω = 0.05, ∆/Ω = 3), showing an asymmetri Fano prole
at the driving frequeny.
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FIG. 7: The phase dierene between the dressed states
in the ase of resonant exitation (∆ = 0), a) for a low noise
magnitude (Γ/Ω = 0.2, γ/Ω = 0.05); b) for a noise magnitude
omparable to the Rabi frequeny, (Γ/Ω = 1.1, γ/Ω = 0.05);
) for a high noise magnitude, (Γ/Ω = 5, γ/Ω = 0.05). The
initial state was the exited state |e〉 in these simulations.
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FIG. 8: Correlation funtion of cos∆φ(t) for low, medium
and high noise magnitude, in the ase of no detuning and
strong laser eld (Γ/Ω ∈ {0.2, 1.1, 5}, ∆ = 0, γ/Ω = 0.05).
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FIG. 9: Correlation funtion of sin∆φ(t) for low, medium and
high noise magnitude, in the ase of no detuning and strong
laser eld (Γ/Ω ∈ {0.2, 1.1, 5}, ∆ = 0, γ/Ω = 0.05). The
gure shows that sin∆φ(t) beomes unorrelated for higher
noise magnitude.
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FIG. 10: The FWHM of the orrelation funtion Ccos(τ ) is
plotted against the reiproal of the analytially alulated
dip width |s−|.
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FIG. 11: Dierent dressed-state transition hannels for a o-
herently driven and stohastially perturbed two-level atom.
